effects of Th2 cells in a murine model of asthma. Th1, Th2, and Th0 CD4 + lines expressing identical ovalbumin (OVA)-specific T-cell receptors (TCRs) were generated from OVA-specific TCR transgenic mice, and their effects after transfer into lymphocyte-deficient severe combined immunodeficiency (SCID) and immunocompetent BALB/c mice on allergen-induced airway inflammation and airway hyperreactivity were investigated. Our results demonstrated that OVA-specific Th1 cells caused severe airway inflammation and did not reduce the inflammatory effects of OVA-specific Th2 cells. OVA-specific Th1 cells did not induce airway hyperreactivity but were unable to reduce Th2 cell-induced airway hyperreactivity, either in lymphocyte-deficient SCID mice or in immunocompetent recipients. These results indicate that antigen-specific CD4 + Th1 cells may not be protective in Th2-mediated allergic diseases and asthma, but instead cause significant pulmonary disease. These findings are of particular concern with regard to current therapeutic goals in asthma and allergies, and suggest that conversion of Th2-dominated allergic inflammatory responses into Th1-dominated responses may be problematic.
Methods
Animals. BALB/cBy mice were obtained from The Jackson Laboratory (Bar Harbor, Maine, USA), and histocompatible C.B17Icr scid/scid mice (17) were obtained from the Stanford Medical Center Division of Laboratory Animal Medicine (Stanford, California, USA). DO11.10 mice, which are transgenic for TCR recognizing OVA peptide 323-339 (pOVA [323] [324] [325] [326] [327] [328] [329] [330] [331] [332] [333] [334] [335] [336] [337] [338] [339] ) and backcrossed to BALB/c (18) , were kindly provided by D. Loh and were bred in our facilities. Animals were used between 6 and 10 weeks of age and were age and sex matched within each experiment. All animal protocols were approved by the Stanford University Committee on Animal Welfare.
Monoclonal antibodies and reagents. Anti-IFN-γ monoclonal antibody (MAB) R46A2 (HB170, ATCC) and anti-IL-4 MAB (11B11) (both generously provided by J. Ohara and B. Paul, National Institutes of Health, Bethesda, Maryland, USA) were prepared from serum-free culture supernatants by ammonium sulfate precipitation. Anti-IL-2 MAB S4B6, anti-IFN-γ antibody XMG1.2, and anti-IL-5 MABs TRFK-4 and TRFK-5 were obtained from T. Mosmann (University of Alberta, Edmonton, Alberta, Canada). Anti-IL-4 MABs BVD4-1D11 and BVD6-24G2 were obtained from M. Howard (DNAX Research Institute, Palo Alto, California, USA). Each of these antibodies was purified from ascites by ammonium sulfate precipitation and ion-exchange chromatography. Neutralizing anti-IL-12 MAB C17.8, a generous gift of G. Trinchieri (The Wistar Institute, Philadelphia, Pennsylvania, USA), was purified from ascites by affinity chromatography. Hybridoma cells producing anticlonotype antibody KJ1-26.1 were generously provided by P. Marrack (National Jewish Medical Center, Denver Colorado, USA) (19) . M. Howard (Anergen Inc., Redwood City, California, USA) generously provided murine rIL-4, and the Genetics Institute (Boston, Massachusetts, USA) generously provided rIL-12.
Preparation of OVA-specific Th1 and Th2 cells. OVA-specific Th1, Th2, and Th0 lines were generated from spleen and lymph node cells from DO11.10 (OVA TCR Tg) mice. T cells bearing the DO11.10 TCR were purified from spleen by negative selection on anti-Ig-coated plates, followed by positive selection using the anticlonotype antibody KJ1-26.1 and MACS anti-mouse IgG2a plus IgG2b microbeads. T cells were cultured at 5 × 10 5 per well with 4 × 10 6 irradiated spleen cells as Antigen-presenting celts (APC) and OVA (ICN Biomedicals, Costa Mesa, California, USA) (50 µg/ml). To generate Th2 lines, rIL-4 (40 U/ml) and anti-IL-12 MAB (10 µg/ml) were added to the cultures. Th0 lines were generated with the addition of rIL-4 (20 U/ml) and rIFN-γ (5 ng/ml), but not anti-IL-12, to the cultures. Th1 lines were generated by culturing T cells purified from lymph nodes of the DO11.10 mice in the presence of anti-IL-4 MAB and rIL-12 (0.1 ng/ml). After 7 days, cells were washed, counted, and restimulated with APC and antigen under the same conditions used for the initial stimulation. After the T cell lines achieved a stable committed phenotype (by the third cycle of stimulation), the T cell lines were maintained by weekly stimulation with APC and OVA without addition of anti-cytokine antibodies. Th1 lines were maintained with periodic addition of rIL-2. The cytokine profiles of the Th1, Th0, and Th2 lines were confirmed, by direct examination of supernatants generated from these lines, using ELISA for IL-4, IL-5, and IFN-γ, assays all well-established in our laboratory.
Transfer of cells. Th cell lines were transferred into histocompatible SCID mice. To facilitate homing of the T cell lines to the lungs, SCID mice were given 50 µg OVA in 50 µl NaCl 0.9% intranasally 1 day before intravenous transfer of cells. To facilitate pulmonary aspiration, mice were lightly anesthetized intraperitoneally with 0.25 ml of ketamine (0.44 mg/ml)/xylazine (6.3 mg/ml) in normal saline. Seventy-five percent of the intranasally administered antigen can be subsequently detected in the lungs (20) .
Figure 1
Cytokine profiles of OVA-specific Th cell lines used in these studies. Th1, Th2, and Th0 cell lines (10 6 cells/ml) were stimulated with ConA (1 µg/ml) for 18 h. Supernatants were collected and analyzed by ELISA for IFN-γ, IL-4, and IL-5. IFN, interferon; IL, interleukin; OVA, ovalbumin.
Cultured Th1 or Th2 cells were harvested and washed with PBS. The results of pilot experiments suggested that transfer of 2.5 × 10 6 Th cells into syngeneic SCID recipients produced results similar to those observed when 5 × 10 6 or 7.5 × 10 6 Th cells were transferred. Therefore, 2.5 × 10 6 cells were adoptively transferred intravenously in most experiments. Some mice received a mixture of Th1 and Th2 cells (2.5 × 10 6 cells each or 5 × 10 6 Th1 plus 2.5 × 10 6 Th2 cells). Control mice received either OVA intranasally but NaCl 0.9% instead of T cells intravenously, or they received T cells intravenously but NaCl 0.9% instead of OVA intranasally. One and 2 days after the adoptive transfer of cells, OVA was again administered intranasally. Airway hyperreactivity was determined 24 h after the last intranasal dose of antigen was administered. Bronchoalveolar lavage (BAL) and lung fixation were performed the following day.
Immunization protocol of normal BALB/c mice to induce airway hyperreactivity. Th1 cell lines were also transferred into OVAimmunized BALB/c mice. BALB/c mice were immunized with OVA intraperitoneally (50 µg) complexed with aluminum potassium sulfate (alum) on days 1 and 14, and intranasally (50 µg OVA in 50 µl of PBS) on days 14, 25, 26, and 27. Control mice received intraperitoneal injections of alum alone and intranasal PBS. Some mice received Th1 cells intravenously (2.5 × 10 6 cells per mouse) on days 14 and 25. Airway hyperreactivity to inhaled methacholine was measured 24 h after the last intranasal dose of OVA (day 28). BAL and lung fixation were performed the following day (day 29).
Measurement of airway responsiveness. Airway responsiveness was assessed by methacholine-induced airflow obstruction from conscious mice placed in a whole-body plethysmograph (model PLY 3211; Buxco Electronics Inc., Troy, New York, USA). Pulmonary airflow obstruction was measured by Penh (see eq. 1).
(1) Penh = enhanced pause (dimensionless), Te = expiratory time, RT = relaxation time, PEF = peak expiratory flow (ml/s), and PIF = peak inspiratory flow (ml/s) (21) . Enhanced pause (Penh), minute volume, tidal volume, and breathing frequency were obtained from chamber pressure, measured with a transducer (model TRD5100; Buxco Electronics) connected to preamplifier modules (model MAX2270; Buxco Electronics), and analyzed by system XA software (model SFT 1810; Buxco Electronics). Measurements of methacholine responsiveness were obtained by exposing mice for 2 min to NaCl 0.9% (Portable Ultrasonic 5500D; DeVilbiss Health Care Inc., Sommerset, Pennsylvania, USA), followed by incremental doses (2.5-40 mg/ml) of aerosolized methacholine and monitoring Penh. Results were expressed for each methacholine concentration as the percentage of baseline Penh values after NaCl 0.9% exposure.
Collection of BAL fluid. Animals were injected intraperitoneally with a lethal dose of phenobarbital (450 mg/kg). After tying off the left lung at the mainstem bronchus, the trachea was cannulated; the right lung was then lavaged with 0.4 ml of PBS three times and the fluid pooled. Cells in the lavage fluid were counted using a hemocytometer, and BAL cell differentials were determined on slide preparations stained with Hansel Stain (Lide Laboratories, Florissant, Montana, USA). At least 200 cells were differentiated by light microscopy based on conventional morphologic criteria.
Lung histology. After washing with PBS, one part of the left lung was fixed in 10% formalin and stained with hematoxylin and eosin. The other part of the lung was embedded in OCT compound (Tissue Tec; Miles Inc., Elkhart, Indiana, USA), snap-frozen in liquid nitrogen, and stored at -80°C until sectioning. Then, 6-µm sections were fixed in acetone and stained with the biotinylated anticlonotypic antibody KJ1-26.1 and Streptavidin-FITC (PharMingen, San Diego, California, USA). A biotinylated anti-human IL-10 antibody (JES-312G8-biotinylated) was used as control antibody.
Cytokine ELISA. ELISAs were performed as described previously (22) . The antibody pairs used were as follows, listed by capture/biotinylated detection: IFN-γ, R4-6A2/XMG1.2; IL-4, 11B11/BVD6-24G2; IL-5, TRFK-5/TRFK-4. The standards were recombinant cytokine curves generated in 1:2 dilutions from 20 to 0.156 ng/ml for IFN-γ, 500 to 7.5 pg/ml for IL-4, and 5,000 to 40 pg/ml for IL-5.
Results
Generation and characterization of OVA-specific Th1, Th0, and Th2 cells. Th1, Th0, and Th2 cell lines were generated from OVA-specific T cells purified from the lymph nodes or spleen of OVA-specific TCR DO11.10 transgenic mice. CD4 + T cells were stimulated by OVA in the presence of rIL-4 and anti-IL-12 MAB to generate Th2 cell lines, whereas Th0 lines were generated by addition of rIL-4 and IFN-γ, but not anti-IL-12 MAB, to the culture. Th1 lines were generated by culturing OVA-specific T cells in the presence of anti-IL-4 MAB and rIL-12. They were maintained by weekly stimulation with irradiated APC and OVA, and Th1 lines required periodic addition of rIL-2. Figure 1 shows the cytokine content of supernatants from each Th cell line, as analyzed by ELISA for IL-4, IL-5, and IFN-γ. The Th1 cell lines produced high levels of IFN-γ but no detectable IL-4. In contrast, the Th2 cell lines produced high levels of IL-4 but no detectable IFN-γ. The Th0 cell lines produced both IFN- γ and IL-4. The quantity of IL-4 produced by the Th0 lines was significant, although less than that of Th2 lines. The Th1, Th2, and Th0 lines were used after at least three cycles of stimulation, after the T cell lines achieved a stable committed phenotype (23) .
In vivo transfer and detection of OVA-specific T cells to the lung. To determine the effects of Th cell lines on the development of airway hyperreactivity and airway inflammation, we adoptively transferred each cell line into histocompatible SCID mice. In these experiments, we chose SCID mice to eliminate the contribution of endogenous lymphocytes, which might inhibit the func-tion of the transferred Th cells, and which could also contribute to airway hyperreactivity, as the recipients were exposed to OVA administered intranasally. To enhance the localization of the transferred T cell lines into the lungs of mice, we administered OVA intranasally one day before adoptive transfer of the T cell lines. One and two days later, OVA was again administered intranasally. Control mice received NaCl 0.9% instead of OVA intranasally. Four days after cell transfer, the lungs were stained with anti-TCR clonotypic antibody KJ1-26.1. Figure 2 shows that lungs from mice that received Th1 or Th2 cells and intranasal OVA stained brightly with the anti-TCR antibody, indicating that the OVAspecific T cell lines migrated to the lungs of these mice. In contrast, lungs from mice that received Th1 or Th2 cells, but no intranasal OVA, had no staining (data not shown), indicating that migration of the OVA-specific T cell lines was antigen dependent.
Airway histology in recipients of Th1, Th2, and Th0 cell lines. Mice were sacrificed four days after T-cell transfer. Lungs were removed and fixed, and lung sections were stained with hematoxylin and eosin to reveal lung histology. SCID mice that received OVA but no T cells had normal lung histology (Fig. 3a) . Adoptive transfer of OVA-specific Th2 cells induced significant bronchiolar mucus production and induced peribronchiolar and perivascular infiltrates, consisting of lymphocytes, eosinophils, and some neutrophils (Fig. 3b) . These results were similar to those reported in previous studies with Th2 cells (24) . Transfer of OVA-specific Th1 cells also resulted in significant airway inflammation, with peribronchiolar and perivascular infiltrates (Fig. 3c) . Th1 cells induced much less mucus production than did Th2 cells, and far more lymphocytes were present in the lungs when Th1 cells rather than Th2 cells were transferred. The inflammatory reaction with Th1 cells resembled that of moderate to severe lung allograft rejection, with dense perivascular and interstitial accumulations of small lymphocytes and immunoblasts with neutrophils and occasional eosinophils (25, 26) . The inflammatory response with Th1 cells depended on the presence of OVA, as mice that received Th1 cells, but not OVA, had minimal lung disease (Fig. 3d) . Furthermore, this inflammatory response with Th1 cells plus intranasal OVA was confined only to the lungs and was not observed in any other organ system.
Adoptive transfer of Th0 cell lines produced results similar to that observed with Th2 cell lines and induced significant airway inflammation (Fig. 3e) . The production of IFN-γ by Th0 cells did not limit the inflammatory response, as large numbers of lymphocytes, neutrophils, and some eosinophils were present in the perivascular and peribronchiolar areas of Th0 cell recipients. Transfer of both Th1 and Th2 cells together did not result in reduction of airway inflammation, although the amount of bronchiolar mucus was reduced (Fig. 3f ) . This indicated that OVA-specific Th1 cells were not effective in counterbalancing Th2-induced airway inflammation.
Th2 cell-induced eosinophilia is significantly reduced by Th1
The 
Figure 5
Th2 and Th0 cells, but not Th1 cells, increase airway hyperreactivity. SCID mice received Th1, Th2, or Th0 cells (2.5 × 10 6 cells per mouse) intravenously plus intranasal OVA. Control mice received either OVA only or cells only. Three days after adoptive cell transfer, airway hyperreactivity in response to increasing concentrations of inhaled methacholine was measured in a whole-body plethysmograph. Data are expressed as percent above baseline (mean ± SEM); n ≥ 7 for each data point. Cell transfer without intranasal administration of OVA had no effect on airway hyperreactivity (data not shown).
cells. The histopathologic analysis was extended by examination of the cell types and numbers in BAL fluid, which was harvested four days after adoptive T-cell transfer into SCID mice. The total number of cells recovered in the BAL for Th1-, Th2-, or Th1 plus Th2-treated mice was 4.2, 3.8, and 3.8 × 10 4 /ml, respectively (Fig. 4) .
Macrophages were the predominant cell type in all groups of mice. Transfer of Th2 cells, however, significantly increased the proportion of eosinophils to 29.4% of total BAL cells (1.13 × 10 4 cells/ml), compared with 0.94% of total BAL cells (0.04 × 10 4 cells/ml) with Th1 cells. Transfer of a mixture of Th1 and Th2 cells in a ratio of 1:1 significantly decreased the number of eosinophils seen after transfer of Th2 cells from 29% to 12% of total BAL cells (0.47 × 10 4 cells/ml), suggesting that Th1 cells were able to reduce Th2 cell-induced airway eosinophilia. All other cell types together did not reach more than 2% in any group, and the proportions of these cell types did not differ significantly between the groups. Th1 cells do not induce airway hyperreactivity. Three days after intravenous transfer of different T cell lines, we examined the recipients of Th1, Th2, and Th0 lines for airway hyperreactivity by challenging OVA-treated SCID mice with increasing concentrations of methacholine in a whole-body plethysmograph. Figure 5 shows that, as expected, SCID mice that had received Th2 lines developed significant airway hyperreactivity. Control SCID mice that received NaCl 0.9% rather than T cells intravenously and were challenged with intranasal OVA, or SCID mice that received Th2 cells intravenously but not intranasal OVA, did not develop airway hyperreactivity, indicating that this response depended on the presence of Th2 cells and on the presence of airway antigen. Recipients of Th0 cell lines developed significant airway hyperreactivity that was not statistically different from that induced with Th2 cells, suggesting that the production of IFN-γ by the T cells was not effective in reducing airway hyperreactivity. Transfer of Th1 lines, although inducing significant airway inflammation, did not induce airway hyperreactivity to methacholine. This indicated that airway hyperreactivity depends on factors produced by Th2-polarized cells and cannot be induced with inflammation-causing Th1-polarized cells. nized BALB/c mice. To determine whether Th1 cells could inhibit the development of Th2 cells in normal mice rather than reversing the function of established Th2 effector cells, we examined the capacity of adoptively transferred Th1 cell lines to prevent the development of allergen-induced airway hyperreactivity in normal BALB/c mice. Figure 7 shows that immunization of control BALB/c mice with OVA intraperitoneally and intranasally resulted in the development of significant airway hyperreactivity. Adoptive transfer of Th1 cells during the four-week sensitization phase on days 14 and 25 did not reduce this airway hyperreactivity, although Th1 cells migrated to the lungs as proved by fluorescence staining of lung sections with anti-TCR clonotypic antibody KJ1-26.1 one day after airway measurement (data not shown). These results indicated that Th1 cells were not able to inhibit the development of a Th2 response in sensitized immunocompetent BALB/c mice.
Th1 cells do not counterbalance airway hyperreactivity induced by Th2 cells. We next directly examined the capacity of
Airway eosinophilia in OVA-immunized BALB/c mice is significantly reduced by transfer of Th1 cells. Although Th1 cells were unable to reduce airway hyperreactivity in OVAimmunized mice, Th1 cells did significantly reduce airway eosinophilia (Fig. 8) , indicating that the Th1 cells functioned in vivo. Th1 cells transferred during the sensitization phase reduced the number of BAL eosinophils by more than fivefold (from 13.5 × 10 5 to 2.3 × 10 5 eosinophils/ml), although the total number of cells in BAL fluid from OVA-sensitized BALB/c mice was not significantly reduced (18.1 × 10 5 cells/ml in BAL from control mice vs. 15.9 × 10 5 cells/ml in BAL from Th1-cell recipients). Lymphocytes and neutrophils were relatively rare in BAL fluid and did not differ significantly between the groups. However, histologic analysis revealed that the inflammatory response was not reduced by transfer of Th1 cells. Hematoxylin and eosin-stained lung sections of BALB/c mice after OVA immunization and Th1 cell transfer showed dense perivascular and peribronchiolar infiltrates containing numerous lymphocytes and eosinophils (data not shown). This pattern was comparable to the histology of the OVA-immunized control group.
Discussion
The major goal of this study was to examine directly the capacity of Th1 cells to counterbalance the proasthmatic effects of Th2 cells in a murine model of asthma. The Th1/Th2 paradigm suggests that Th1 and Th2 cells counterbalance each other and that Th1 cells protect or prevent Th2-mediated allergic disease and asthma (27) . However, using well-defined, phenotypically committed OVA-specific Th1 and Th2 cells expressing identical TCRs and adoptively transferred into either SCID mice or into OVA-immunized BALB/c mice, we found that OVA-specific Th1 cells failed to reverse Th2-mediated airway inflammation and airway hyperreactivity, even when given in twofold excess. These studies indicate that the Th1/Th2 paradigm, which predicts that Th1 cells downregulate allergic disease and asthma, may be more complex than initially appreciated and that suppression of allergic inflammation and Th2 activity in vivo may depend on cells other than Th1 lymphocytes.
Inasmuch as asthma is associated with the presence of lymphocytes producing Th2 cytokines (28), it is not surprising that OVA-specific Th2 cells induced severe allergic inflammatory responses and airway hyperreactivity when adoptively transferred into normal (24, 29) or SCID recipients (Figs. 3 and 5) . We also demonstrated, however, that antigen-specific Th0 cells caused severe airway inflammation and hyperreactivity equal to those observed with Th2 cells. This indicated that production of IFN-γ, a cytokine thought to inhibit the development of allergy and asthma (30, 31) , by Th0 cells was insufficient to neutralize the effects of IL-4 and IL-5. Our studies differed from previous studies with Th2 cells (24, 29) in that we used SCID mice as recipients to eliminate the effects of host cells that could inhibit the function of the transferred Th cells or that could contribute to airway hyperreactivity on immunization with antigen. These results with SCID mice demonstrated that airway hyperreactivity can be induced by Th2 or Th0 cells in the absence of other T cells, B cells, IgE, or γδ T cells. In contrast, previous studies with B cell-deficient mice (32) and γδ T cell-deficient mice (33) suggested that B cells, IgE, and γδ T cells were required for the induction of airway hyperreactivity or allergic airway inflammation. It is possible, however, that B cells or γδ T cells are required for the development of Th2 effector cells from naive precursor cells but that once Th2 cells have become activated, such "accessory cells" are not essential for expression of airway inflammation and hyperreactivity.
Our results demonstrating the inability of Th1 cells to neutralize the effects of Th2 cells are surprising in view of numerous studies that suggested that allergen-specific Th1 cells might suppress allergic inflammation. For example, we and others have shown that conventional allergen immunotherapy, which improves symptoms in allergic and asthmatic patients, reduces IL-4 production (9) and increases IFN-γ production in an allergen-specific fashion (10, 11) . Immunization with IL-12-modified allergen (34) , with heat-killed Listeria monocytogenes as adjuvant (35) , with intratracheal IL-12, or with naked DNA plasmids containing cDNA for allergens (36, 37) also resulted in a switch in cytokine production in allergen-specific CD4 + T cells and caused a reduction in allergen-induced airway hyperreactivity (38) . These observations suggest that allergen-specific Th1-polarized responses suppress allergic inflammation, although no previous studies have examined the capacity of Th1 cells to inhibit Th2-induced airway hyperreactivity directly.
On the other hand, there is increasing evidence that Th1 and Th2 cells may not always antagonize each other. First, IFN-γ has been identified in BAL fluid and serum of asthmatic patients, suggesting that Th1-like cells may in fact contribute to, rather than inhibit, the pathology in asthma (39, 40) . In addition, Th1 cells are not found in large numbers in the lungs or mucus membranes of nonallergic or nonasthmatic individuals after allergen exposure, as would be predicted if Th1 cells reduced airway inflammation. Moreover, in a murine model of autoimmunity, myelin basic protein-specific Th2 cells, when transferred into immunodeficient mice, exacerbated rather than prevented experimental autoimmune encephalomyelitis (14) . Similarly, attempts to use autoantigen-specific Th2 cells to confer protection against Th1-induced diabetes mellitus unexpectedly produced intense and generalized pancreatitis and subsequent diabetes mellitus (15) . These studies together indicate that Th1 and Th2 cells may not always balance each other's function in a dichotomous paradigm, but rather may in some instances be unexpectedly harmful, not only in autoimmune disease but also in allergic disease and asthma.
We found that antigen-specific Th1 cells when adoptively transferred to SCID mice induced considerable airway inflammation, resembling severe delayed-type hypersensitivity reactions, lung allograft rejection (25) , or hypersensitivity pneumonitis (41) . The inflammatory response caused by Th1 cells depended on the presence of antigen and occurred only in the lungs of the recipient mice. Surprisingly, even though Th1 cells induced severe airway inflammation, they did not cause airway hyperreactivity. These studies indicate that inflammation in and of itself is not important for the development of airway hyperreactivity, although CD4 + T cells appear to be essential for the development of airway hyperreactivity (42) . The precise factors produced by CD4 + T cells that are important for the development of airway hyperreactivity, however, have not yet been identified, but they appear not to be IL-4 and IL-5 (42) nor those produced by Th1 cells (Fig. 5) . Further studies are necessary to determine whether other factors produced by Th2 cells, such as IL-9 (43) or IL-13 (44) , are essential for the induction of airway hyperreactivity.
Although we found that Th1 cells could not reverse Th2-induced airway hyperreactivity in SCID or in OVAimmunized BALB/c mice, Th1 cells were able to reduce the number of airway eosinophils and reduce intrabronchiolar mucus production induced by Th2 cells. Similarly, we reported previously (45) that adoptively transferred Th1 clones could inhibit the capacity of Th2 clones to induce antigen-specific IgE synthesis. This indicated not only that the adoptively transferred Th1 cells functioned in vivo after transfer and could modify some, although not all, functions of Th2 effector cells, but also that the presence of eosinophils may not be essential for the development of airway hyperreactivity, as has been suggested previously (46) . The resistance of Th2 cell function to modification by Th1 cells may be due in part to the fact that Th2 effector cells are terminally differentiated with fixed cytokine profiles (23) and cease to express IL-12 and IL-18 receptors (47, 48) .
It is possible that Th1 cells may in fact be beneficial in asthma if they are present early on in high numbers before activated effector Th2 cells are present. In such instances, while being ineffective in reversing the function of effector Th2 cells, Th1 cells may be capable of blocking the development of Th2 cells from naive T cells and of preventing the induction of airway hyperreactivity. Alternatively, other cell types -e.g., transforming growth factor-β-producing CD4 + antigen-specific Th3 cells (49) , Tr1 cells (50) , γδ cells (51), or CD8 + cells (52, 53) -may be more important than Th1 cells in downregulating allergic inflammation and hyperreactivity. Further studies are required to determine how Th1 cells or other cell types regulate allergic inflammation and airway hyperreactivity. Such studies are particularly important as prerequisites for the development of therapies focused on immunomodulation of deleterious Th2-polarized responses.
In summary, using well-defined polarized Th cells, we showed that antigen-specific Th1 cells were ineffective in reducing airway hyperreactivity induced by Th2 cells and caused serious airway inflammation but not airway hyperreactivity. In contrast, Th2 and Th0 cells induced considerable airway hyperreactivity, in the absence of B cells, IgE, or other lymphocytes. Our results raise concerns regarding the protective effects of Th1 cells in allergy and asthma and regarding the feasibility of Th1-based therapies for these clinical problems.
